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ABSTRACT
Many songbirds use information from the environment to coordinate seasonal
reproduction. American goldfinches (Carduelis tristis) demonstrate seasonal
reproduction but differ from other songbird species by delaying reproduction until latesummer. Using correlational evidence collected from nesting cards across North
America, I determined that timing of breeding for goldfinches was significantly related to
ambient temperature and thistle blooming phenology. In a captive experiment, my results
demonstrate that temperature and blooming thistle phenology significantly affect gonad
recrudescence and testosterone levels. In summer temperature conditions, goldfinches
exposed to blooming thistle plants had significantly higher levels of testosterone
compared with birds shown a non-blooming thistle plant or no plant. Goldfinches may
use blooming thistles as a predictor of abundant food availability and favourable breeding
conditions which then gets them into breeding condition.
KEYW ORDS
Songbird, American goldfinch, Carduelis tristis, reproductive physiology, environmental
cues, breeding timing, supplementary cues, thistle phenology, ambient temperature,
environmental predictors,
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CHAPTER 1
GENERAL INTRODUCTION

Animals interact with their surroundings by responding to environmental cues.
These cues result in biochemical, physiological and/or behavioural modifications that
allow animals to react to ambient conditions and respond to seasonal changes (Baker,
1938; Hahn et al., 1997; Wingfield and Famer, 1993; Dawson, 2008). Seasonal timing of
these changes is especially important as many stages of the annual cycle such as
reproduction, migration (vernal and autumnal), molt, and nonbreeding
(overwintering/hibemation) depend on accurate responses to environmental information
(Murton and Westwood, 1977; Dawson, 2008).
Animals can use multiple sources of environmental information to regulate
seasonal stages o f the annual cycle (Wingfield et al., 1992; Dawson, 2008). However,
determining which environmental cues are used by free-living animals remains difficult
as there is the possibility that combinations or inter-dependent interactions between many
factors exist (Ball and Ketterson, 2008). Isolation and manipulation of specific, species
relevant environmental stimuli and studying the resulting physiological changes is the
most effective method to assess how environmental cues are used to regulate seasonal
transitions across the annual cycle. In this chapter, I will introduce the importance of
environmental regulation of reproduction, the principal theories governing environmental
cue classification as well as an overview of the changes in reproductive physiology due to
environmental signal integration. I will also introduce my study species, the rationale for
use of this species, and describe my research hypotheses and objectives.
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1.1 Seasonal Timing of Avian Reproduction
How environmental stimuli regulate seasonal changes in avian physiology has
been examined for decades (Baker, 1938; Murton and Westwood, 1977; Wingfield et ah,
1992; Dawson, 2008). In particular, much research examining integration of
environmental cues has focused on using songbirds (and their reproductive patterns) as
model organisms. One o f the many reasons songbirds have been so well studied is that
across the seasons, extreme and quantifiable physiological and neuroendocrine changes
occur (MacDougall-Shackleton et al., 2001; Marsh et al., 2002; Hahn et al., 2004; Ball
and Ketterson, 2008). For many songbird species, the shift from non-breeding to
breeding can be measured by a series o f progressive changes in molt, neurophysiology,
development and recrudescence o f reproductive organs, and changes in behaviour that
occur in a fixed order following repeatable patterns synchronous with seasonal changes in
the environment (Ball, 1993; Wingfield and Famer, 1993; Dawson, 2008).

1.2. Classification of Environmental Information
1.2.1. Ultimate and proximate factors
The classification of environmental cues began when Baker (1938) identified
ultimate and proximate factors affecting reproduction. Ultimate factors, food availability
being one o f the most important, restrict reproduction to periods when conditions will be
most favourable and offspring most likely to succeed (Perrins, 1970). Proximate factors
include environmental signals that actually regulate reproductive processes such as gonad
maturation, copulation, parental behaviours and regression of reproductive organs and
behaviours (Murton and Westwood, 1977). Photoperiod is one of the most well-studied

proximate factors affecting songbird reproduction (Hahn et ah, 2004; Dawson et al.,
2001; Dawson, 2008).
Expanding on this distinction between ultimate and proximate factors, Wingfield
et al. (1992) created a more comprehensive classification of proximate factors including
initial predictive, supplementary, and synchronizing and modifying environmental
information. In this classification, Wingfield et al., (1992) was able to differentiate
between types o f environmental information (social vs. abiotic) as well as temporal
patterns of effects on songbird reproductive development.
1.2.2. Initial predictive information
For seasonally breeding birds, initial predictive information regulates the
maturation of reproductive organs, primes the neuroendocrine system for input of other
environmental stimuli, and is responsible for termination of reproductive state at the end
o f the breeding season (Wingfield et al., 1992). Predictability and reliability are the
major defining characteristics o f this type of environmental information as many of the
physiological changes occurring in response to this environmental information occur in
anticipation or in advance of actual favourable breeding conditions. Changes in
daylength (length of photoperiod) and certain endogenous rhythms are considered initial
predictive cues because they provide accurate long-term information regarding seasonal
timing (Wingfield et al., 1992).
1.2.3. Supplementary information
After priming by initial predictive information, the neuroendocrine system is
ready to respond to supplementary information from the environment. These cues fine-

tune the rate o f reproductive development by accelerating or inhibiting gonad maturation
to match local conditions that can vary across years (Wingfield et al., 1992).
Supplementary information can include temperature, weather patterns, availability of
food or nest sites. These cues can modify reproductive activity on a more specific level,
altering broad breeding potential (gonad maturation) to actual breeding (egg laying)
(Wingfield et al., 1992).
1.2.4. Synchronizing and modifying information
Synchronizing and modifying information do not modify seasonal cycles in
reproduction but rather can modify within-cycle transitions of breeding states.
Synchronizing information includes the majority of behavioural interactions that work to
coordinate the breeding efforts between parents and offspring (Wingfield et al., 1992).
For example, begging calls and related nestling movements can stimulate parental
behaviours in order to provide for offspring (Wingfield and Marier, 1988; Wingfield and
Kenagy, 1991). Modifying information disrupts the natural progression of a breeding
cycle such as when predators or inclement weather may destroy a nest with begging
offspring, prompting the adults to change from parental to sexual behaviours in order to
renest (Wingfield, 1988; Wingfield et al., 1992).

1.3. Changes in Reproductive Physiology
1.3.1 Day length
The annual change in daylength is one of the best-studied initial predictive factors
affecting reproductive physiology in seasonally breeding birds (Dawson et al., 2001;
Hahn et al., 2004). Here, daylength is defined as the relative length o f the light phase of

the daily light-dark cycle. Because of its constancy year-to-year, increasing daylength in
the spring is a highly reliable indicator of approaching favourable conditions during
summer; thus a dependable cue to initiate gonad maturation (Dawson and Sharp, 2007;
Dawson, 2008).

There are three stages of avian responsiveness to photoperiod: photosensitivity,
photostimulation, and photorefractoriness. When the neuroendocrine system is primed to
respond to long days, but the daylength is not long enough to trigger the endocrine
cascade, the system is referred to as photosensitive (Ball, 1993). During
photostimulation, daylength is sufficient to stimulate the neuroendocrine system into
reproductive condition. When the reproductive system is no longer stimulated by long
daylength and becomes photorefractory, the reproductive system begins to regress until
reset by a period of short daylengths and once again becomes photosensitive (Dawson et
al., 2001).
1.3.2 Endocrine cascade
\

As photoperiod increases, daylength in conjunction with other favourable
environmental cues stimulates the hypothalamic-pituitary-gonad (HPG) axis (Sharp and
Sreekumar, 2001). Stimulation o f specialized neurons within the hypothalamus triggers
the release o f the neuropeptide gonadotropin-releasing hormone (GnRH-I) into the portal
blood stream at the median eminence, which triggers gonadotroph cells in the anterior
pituitary to release gonadotropins, follicular stimulating hormone (FSH) and luteinizing
hormone (LH), into systemic circulation (Leska et al., 2007). These gonadotropins bind
to their receptors on the ovaries or testes. In males, FSH stimulates testes growth
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(recrudescence) and estrogen secretion by Sertoli cells while LH augments androgen
production by Leydig cells (Leska et al., 2007). In females, FSH promotes ovary growth
and follicular selection. FSH also regulates secretion of progesterone from granulosa
cells of rehierarchial follicles. LH regulates estrogen and androgen production by mature
follicles. Many studies have measure gonadotropins, in particular LH, to quantify the
initial stimulation o f the HPG axis after transition to photostimulating conditions
(MacDougall-Shackleton et al., 2001; Wingfield et al., 2003; Hahn et al., 2004).
The sex steroids, androgens and estrogens, released by the gonads trigger a series
o f systemic physiological changes. Androgens such as testosterone, produced by theca
(female) or Leydig (male) cells contribute to maintenance o f reproductive state. For both
sexes, testosterone concentration is highest during the breeding season as it is associated
with social and sexual behaviours. Peaks in circulating testosterone are associated with
territorial and aggression displays in males, elevated sperm production, pigmentation in
molting feathers and in beaks, and increased singing rate (Beletsky and Orions, 1987;
Beletsky et al., 1990; Hausberger, 1995).

1.3.3 Termination o f reproduction
After breeding, inhibitory input to hypothalamic neurons increases and begins to
predominate over stimulatory connections (Leska et al., 2007). For many species,
termination of breeding is consequence of transition to photorefractoriness when
prolonged exposure to photo-stimulatory conditions inhibits the HPG axis. Following
decreasing concentrations of FSH and LH, Sertoli and Leydig cells undergo apoptosis
causing an overall decrease in testicular volume (Leska et al., 2007). The corresponding

declines in sex steroids facilitate the transition from alternate to basic state secondary
traits such as the loss of beak colouration (McGraw et al., 2006). At this stage, some bird
species become insensitive to long daylength until the system is reset, often by the
gradual decline in inhibitory input during exposure to an unbroken period of short days
usually during winter months (Dawson et al., 2001; Dawson and Sharp, 2007).

1.4. Influence of Non-photoperiodic Information
Several other environmental cues, notably food availability, weather patterns,
temperature, precipitation, humidity, and barometric pressure have been associated with
changes in songbird reproductive physiology. Many of these non-photoperiodic cues are
classified as supplementary and as such are used to adjust reproductive development after
stimulation by initial predictive factors (usually lengthening photoperiod).

One o f the most important non-photoperiodic factors involved with songbird
reproduction is finding adequate quality and quantity of food during the nestling period
(Hau, 2001; Schoech and Hahn, 2008). It has been shown that survival of progeny is
highly correlated to the types o f food ingested during nestling development (Perrins and
Birkhead, 1983). In the temperate zone, food availability tends to be lowest during
season changes such as prior to and following the breeding season (Preston and
Rotenberry, 2006). It is advantageous, therefore, to be able to predict when high quality
food sources will become available (Perrins, 1970; Perrins, 1996). Some opportunistic
species such as the red crossbill (Loxia curvirostra) show dramatic peaks in LH (stimulus
o f the HPG) simply from visual exposure to conifer cones, the seeds of which are an
important food source for nestlings (Hahn, 1995). Even in tropical areas, where

seasonality o f biomass is less variable, spotted antbirds, (Hylophylax naeviodes), have
enhanced song and testes development simply by visual and physical exposure to
crickets, an important food source (Hau, 2001). These studies suggest that the visual
stimulus of abundant food can alter reproductive development.
Aside from food availability, reproduction must coincide with other appropriate
environmental conditions. Research has examined several abiotic, non-photoperiod cues
that have been shown to affect reproduction. Inclement weather can disrupt nest
building, territory acquisition and feeding rates of nestlings; severely affecting hatching
rate and overall reproductive success (Rotenberry and Wiens, 1991). Also, correlational
research has shown that ambient temperature can affect reproduction and reproductive
development. The costs of maintaining thermal homeostasis in cold temperatures has
been shown to reduce nestling in several species and it also modifies nesting dates of
great tits (Parus major, Silverin et al., 2008; Visser et al., 2009) and zebra finches
(Taeniopygia guttata, Salvante et al., 2007). Additionally, research suggests that
environmental factors such as precipitation, humidity, and barometric pressure alter
reproductive development in species of tropical, temperate, and desert bird species (Grant
and Grant, 1980; Wingfield and Kenagy, 1991; Preston and Rotenberry, 2006).
Furthermore, several studies have shown that plant phenology may be responsible for
inducing or accelerating reproductive recrudescence in some songbird species (Buse et
al., 1999; Voight et al., 2007; Silverin et al., 2008; Bourghault et al., 2010). In short,
many supplementary cues can affect songbird reproduction and reproductive
development.
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1.5. Study Species
1.5.1 Species rationale
Many studies examining the effects of environmental information on reproductive
physiology have used songbird species as model organisms. As discussed, songbirds are
excellent study species as they display profound seasonal transitions in behaviour,
neurophysiology, endocrinology and physical appearance. These characteristics can be
measured both in the field and in captivity and can be related to conditions present in the
current environment. For my experiments, using a songbird model allows comparison to
a wide breadth of literature examining the effect of the environment on reproduction.
1.5.2 Species description
The American goldfinch (Carduelis tristis) is a small cardueline finch that is
abundant and widely spread throughout North America. These granivorous, gregarious
birds form flocks in winter and nest in fields and along roadsides in summer (Stokes,
1950; Holcomb, 1969). This species differs from many other songbirds in its molt and
breeding schedules. American goldfinches have two molts, in the fall and spring, as well
as having a delayed reproductive season (Stokes, 1950; Middleton, 1977; Middleton,
1978). However, like most seasonally-breeding birds, American goldfinches show
seasonal plasticity in their reproductive physiology, cycling between maturation of
gonads in the breeding season and regression during nonbreeding (Mundinger, 1972;
Middleton, 1978).
American goldfinches have been shown to respond to seasonal changes in
photoperiod as increased daylength is required for upregulation of the HPG axis (Marsh
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et al., 2002). However, despite photoperiod playing an integral role as the initial
predicative factor to stimulate changes in goldfinch reproductive physiology, this is not
the only cue used to time breeding. In eastern North America, despite pre-alternate
molting beginning in early March (Middleton, 1977), gonads do not reach full breeding
potential until mid-July (Mundinger, 1972) and egg laying does not occur until 30-50
days after the summer solstice when daylength is decreasing (Stokes, 1950; Berger, 1968;
Skagen, 1987; Marsh et al., 2002). It is highly probable that non-photoperiodic
supplementary cues occurring in late summer trigger final gonad maturation and
consequent breeding in these populations. For this reason, American goldfinches are an
excellent study species to examine how environmental integration can affect breeding
biology in birds because photoperiod alone cannot account for the timing of breeding in
this species.
Many theories have discussed the significance of late nesting in American
goldfinches. From an ecological standpoint, more nest sites are available as other
heterospecifics usually terminate nesting when goldfinches begin (Stokes, 1950; Berger,
1968; Skagen, 1987; Mundinger, 1972). Also predation tends to be lower for goldfinch
nests compared with other species of related birds; potentially because o f the increased
assortment o f food available towards the end of summer for typical nest predators
(Middleton, 1977; Middleton, 1978). It has also been suggested that the delay in
breeding may be due to a protein deficit caused by the demands of the pre-alternate molt
(Gluck, 1985). Because of the granivorous diet of these birds, protein and other amino
acids are limiting factors. Breeding may be delayed until males and females have
accrued sufficient nutrient stores to facilitate successful egg development (Gluck, 1985).
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Middleton (1978) and Stokes (1950) proposed that the late nesting of American
goldfinches was a means to synchronize offspring care with seeding and blooming of
plants in the Compositae family. These and other studies have highlighted the
importance of thistle plants as both a food source for adults and nestlings as well its
importance in nest construction and maintenance (Stokes, 1950; Middleton, 1977;
Middleton, 1978). Thistle seeds are small, have a low handling time, and are hugely
abundant throughout the late summer and have a large protein and fat composition
(Gluck, 1985). Because goldfinches are granivorous, protein rich food sources are
especially important during parental care. These birds may synchronize breeding
schedules to thistle phenology to take advantage of an abundant and nutrient favourable
food source.

1.6. Objectives and Predictions
Based on the literature reviewed, I propose that American goldfinches respond to
supplementary environmental cues that affect reproductive physiology across the
breeding season. In this thesis I hypothesized that:
I.

Goldfinches use summer-like temperatures and blooming thistles as
supplementary cues to time nesting date in free-living populations

II.

Summer temperatures will significantly increase the size of testes, levels of
testosterone, and luteinizing hormone in comparison to birds held in spring-like
temperatures.
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III.

Exposure to blooming thistles will significantly increase the size of testes, levels
of testosterone, and luteinizing hormone in comparison to birds exposed to non
blooming thistles or no plant stimulus
In Chapter 2 , 1 explore the relationship between several environmental variables

(temperature, precipitation and thistle blooming) and nest initiation dates for different
populations of American goldfinches in North America. In Chapter 3 , 1 examine the
physiological impacts o f manipulating temperature and thistle phenology (visual stimulus
o f blooming or non-blooming thistle plant) on the reproductive cycle of captive American
goldfinches. Finally, in Chapter 4 , 1 provide a summary o f the findings of the effects of
environmental cues on the physiology and timing of breeding as well as the implications
and future directions of this field.

\

13

1.7 References
Baker, J. R. (1938). The evolution of breeding seasons. In: Evolution: Essays on Aspects
of Evolutionary Biology. Clarendon Press, Oxford, pp. 161-177.
Ball, G. F. (1993). The neural integration of environmental information by seasonally
breeding birds. American Zoology, 33, 185-199.
Ball, G. F., and Ketterson, E. D. (2008). Sex differences in the response to environmental
cues regulating seasonal reproduction in birds. Philosophical Transactions o f the
Royal Society, 363, 231-246.
Beletsky, L. D., and Orians, G. FI. (1987). Territoriality among male red-winged
blackbirds. II. Removal experiments and site dominance. Behavior, Ecology and
Sociobiology, 20, 339-349.
Beletsky, L. D., Orians, G. H., and Wingfield, J. C. (1990). Effects of exogenous
androgen and anti-androgen on territorial and non-territorial red-winged blackbirds
(Aves: Icterinae). Ethology, 85, 58-72.
Berger, A. J. (1968). Clutch size, incubation period, and nestling period of the American
goldfinch. Auk, 85, 494-498.
Bourgault, P., Thomas, D., Perret, P., and Blondel, J. (2010). Spring vegetation
phenology is a robust predictor of breeding date across broad landscapes: a multi
site approach using the Corsican blue tit (Cyanistes caeruleus). Oecologia, 162,
885-892.

14

Buse, A., Dury, S. J., Woodbum, R. J. W., Perrins, C. M., and Good, E. G. (1999).
Effects of elevated temperature on multi-species interactions: the case of
pedunculate oak, winter moth and tits. Functional Ecology, 13, 74-82.
Dawson, A., King, V. M., Bentley, G. E. and Ball, G. F. (2001). Photoperiodic control of
seasonality in birds. Journal o f Biological Rhythms, 16, 365-380.
Dawson, A., and Sharp, P. J. (2007). Photorefractoriness in birds-photoperiodic and nonphotoperiodic control. General and Comparative Endocrinology, 153, 378-384.
Dawson, A. (2008). Control o f the annual cycle in birds: endocrine constraints and
plasticity in response to ecological variability. Philosophical Transactions o f the
Royal Society Biology, 363, 1621-1633.
Gluck, E. E. (1985). Seed preference and energy intake of goldfinches Carduelis
carduelis in the breeding season. Ibis, 127, 421-429.
Grant, P. R., and Grant, B. R. (1980). The breeding and feeding characteristics of
Darwin’s finches in Isla Galapagos. Ecology Monograph, 50, 381-410.
Hahn, T. P. (1995). Integration o f photoperiodic and food cues to time changes in
reproductive physiology by an opportunistic breeder, the red crossbill, Loxia
curvirostra (Aves, Carduelinae). Journal o f Experimental Zoology, 272, 213-226.
Hahn, T. P., Boswell, T., Wingfield, J. C. and Ball, G. F. (1997). Temporal flexibility in
avian reproduction: patterns and mechanisms. Current Ornithology, 14, 39-80.
Hahn, T. P., Pereyra, M. E., Sharhaugh, S. M., and Bentley, G. E. (2004). Physiological
responses to photoperiod in three cardueline finch species. General and
Comparative Endocrinology, 137, 99-108.

15

Hau, M. (2001). Timing of breeding in variable environments: tropical birds as model
systems. Hormones and Behavior, 40, 281-290.
Hausberger, M., Henry, L., and Richard, M. A. (1995). Testosterone-induced singing in
female European starlings (Sturnus vulgaris). Ethology, 99, 193-208
Holcomb, L. C. (1969). Breeding biology of the American goldfinch in Ohio. BirdBanding, 40, 26-44.
Leska, A., and Dusza, L. (2007). Seasonal changes in the hypothalamic-pituitary-gonadal
axis in birds. Reproductive Biology, 7,99-125.
MacDougall-Shackleton, S. A., MacDougall-Shackleton, E. A. and Hahn, T. P. (2001).
Physiological and behavioural responses of female white-crowned sparrows to
natal- and foreign-dialect songs. Canadian Journal o f Zoology, 79, 325-333.
Marsh, R. H., MacDougall-Shackleton, S. A., and Hahn T. P. (2002). Photorefractoriness
and seasonal changes in the brain in response to changes in day length in American
goldfinches {Carduel is tristis). Canadian Journal o f Zoology, 80, 2100-2107.
McGraw, K. J., Correa, S. M., and Adkins-Regan, E. (2006). Testosterone upregulates
lipoprotein status to control sexual attractiveness in a colorful songbird. Behavior,
Ecology and Sociobiology, 60, 117-122.
Middleton, A. L. (1977). The molt of the American goldfinch. Condor, 79, 440-444.
Middleton, A. L. (1978). The annual cycle of the American goldfinch. Condor, 80, 401—
406.
Mundinger, P. C. (1972). Annual testicular cycle and bill color change in the eastern
American goldfinch. Auk, 89, 403-419.

16

Murton, R. K., and Westwood, N. J. (1977). Avian breeding cycles. Oxford University
Press., London, UK, pp. 1-594.
Perrins, C. M. (1970). The timing of birds’ breeding season. Ibis, 112, 242-255.
Perrins, C. M., and Birkhead, T. (1983). Avian Ecology. Glasgow, UK; London, UK
Blackie. pp. 1-221.
Perrins, C. M. (1996). Eggs, egg formation and the timing of breeding. Ibis, 138, 2-15.
Preston, K. L., and Rotenberry, J. T. (2006). The role of food, nest predation, and climate
in timing o f wrentit reproductive activities. Condor, 108, 832-841.
Rotenberry, J. T., and Wiens, J. A. (1991). Weather and reproductive variation in
shrubsteppe sparrows: a hierarchical analysis. Ecology, 72, 1325-1335.
Salvante, K. G., Walzem, R. L., and Williams, T. D. (2007). What comes first, the zebra
finch or the egg: temperature-dependent reproductive, physiological and
behavioural plasticity in egg-laying zebra finches. Journal o f Experimental
Biology, 210, 1325-1334.
Schoech, S. J., and Hahn, T. P. (2008). Latitude affects degree of advancement in laying
by birds in response to food supplementation: a meta-analysis. Oecologia, 157,
369-376.
Sharp, P. J., and Sreekumar, K. P. (2001). Photoperiodic control of prolactin secretion.
In: Avian Endocrinology, Narosa, New Delhi, pp. 245-255.
Silverin, B., Wingfield, J. C., Stokkan, K-A., Massa, R., Jarvinen, A., Andersson, N-A.,
Lambrechts, M., Sorace, A., and Blomqvist, D. (2008). Ambient temperature

17

effects on photo induced gonadal cycles and hormonal secretion patterns in Great
Tits from three different breeding latitudes. Hormones and Behaviour, 54, 60-80.
Skagen, S. K. (1987). Hatching asynchrony in American goldfinches: An experimental
study. Ecology, 68, 1747-1759.
Stokes, A. W. (1950). Breeding behaviour of the goldfinch. Wilson Bulletin, 62, 107127.
Visser, M. E., Holleman, L. J. M. and Caro, S. P. (2009). Temperature has a causal effect
on avian timing of reproduction. Proceedings o f the Royal Society, 276, 23232331.
Voight, C., Goymann, W., and Leitner, S. (2007). Green matters! Growing vegetation
stimulates breeding under short-day conditions in wild canaries (Serinus canaria).
Journal o f Biological Rhythms, 22, 554-5457
Wingfield, J. C. (1988). Changes in reproductive function o f free-living birds in direct
response to environmental perturbations. In: Processing of Environmental and
Ecological Aspects, Japan Science Society Press, Toyko, pp. 149-166.
Wingfield, J. C., and Marler, P. (1988). Endocrine basis o f communication: reproduction
and aggression. In: The Physiology of Reproduction, Raven Press, New York, pp.
1647-1677.
Wingfield, J. C., and Kenagy, G. J. (1991). Natural control of reproduction. In:
Handbook o f Comparative Endocrinology, Academic Press, New York, pp. 181241.

18

Wingfield, J. C., Hahn, T. P., Levin, R., and Honey, P. (1992). Environmental
predictability and control o f gonadal cycles in birds. Journal o f Experimental
Zoology, 261, 214-231.
Wingfield, J. C. and Famer, D. S. (1993). Endocrinology of reproduction in wild species.
Avian Biology, 9, 163-327.
Wingfield, J. C., Hahn, T. P., Maney, D. L., Schoech, S. J., Wada, M., and Morton, M. L.
(2003). Effects o f temperature on photoperiodically induced reproductive
development, circulating plasma luteinizing hormone and thyroid hormones, body
mass, fat deposition and molt in mountain white-crowned sparrows, Zonotrichia
leucophrys oriantha. General and Comparative Endocrinology, 131, 143-158.

19

CHAPTER 2
ASSOCIATION BETWEEN WARMER TEMPERATURES, THISTLE
BLOOMING, AND BREEDING IN AMERCIAN GOLDFINCHES
2.1 Introduction
Seasonally breeding songbirds use environmental cues to time reproduction to
periods of the year when conditions are most favourable for reproductive success (see
Chapter 1). In order for environmental cues to be useful to this end, they must be reliable
indicators (Wingfield, 1980; Wingfield, 1983; Dawson, 2008). For many songbirds the
environmental cues used to time reproduction have seasonal or even monthly patterns
that provide important information about current or future conditions (Wingfield, 1980;
Wingfield and Kenagy, 1991; Wingfield et al., 1992). Because songbirds use these
predictable patterns to time reproduction, many species consequently have predictable
breeding seasons tightly associated with these cues (Wingfield and Kenagy, 1991). The
predicable nature o f songbird reproduction thus allows for mathematical assessment of
the relative influence of various environmental variables on reproductive timing as well
as determining the type of environmental cues involved (Wingfield et al., 1992).
Predictability of reproduction can be calculated from two components, constancy
(C) and contingency (M; defined in Wingfield et al., 1992; adapted from Colwell, 1974).
Constancy refers to predictability that is always the same (breeding on the same date
every year) whereas contingency refers to predictability that occurs from repeated
patterns (breeding based on same environmental patterns, not on a fixed date; Wingfield
et al., 1992). For example photoperiod is a highly predictable, tightly conserved (year to
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year) seasonal cue that many songbirds use as an initial predictive factor to upregulate the
HPG axis (Wingfield, 1983; Wingfield and Kenagy, 1991; Dawson et al., 2001; Dawson,
2008). Species that initiate reproduction (clutches) on the same week every year would
be considered to have a high degree of constancy in the predictability o f their breeding
season (Wingfield et al., 1992). Conversely, species that show the same overall pattern
o f reproduction but vary temporally would be considered to have a high degree of
contingency in their breeding patterns. Wild zebra finches (Taeniopygia guttata) are an
excellent example of a songbird species that shows high contingent predictability. For
this species, breeding occurs in a predictable, fixed pattern but not on the same date each
year, as reproduction follows precipitation events (Zann et al., 1995).
These two components of predictability, constancy and contingency, can be
examined over repeated years to determine the relative influence o f different types of
environmental information on the timing of breeding. This is accomplished by using a
matrix to determine the ratio o f contingency to constancy (M/C) known as the
environmental information factor (IE; Wingfield et al., 1992). At low IE values (IE < 1),
C predominates over M, indicating that breeding predictability derives from the influence
o f initial predictive information; which for many species is lengthening photoperiod.
Conversely, at high IE values (IE > 1), M predominates over C, indicating that breeding
predictability was most likely in response to integration of supplementary information
(see Chapter 1). Because IE is a ratio, the greater the IE value, the greater the proportion
o f supplementary cue integration used in breeding (Wingfield et al., 1992). Therefore,
examining the IE ratio can give relevant information about the environmental stimuli
used to time the onset of breeding.
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Like most seasonally-breeding birds, American goldfinches (Carduelis tristis)
show seasonal plasticity in their reproductive physiology, cycling between reproductive
and non-reproductive states (Mundinger, 1972; Middleton, 1977; Marsh, et al., 2002). In
most of North America, American goldfinches breed late in the summer from July to
September (Stokes, 1950; Berger, 1968; Holcomb, 1969; Skagen, 1987; Mundinger,
1972; Middleton, 1977; Middleton, 1978). Interestingly, not all goldfinches show similar
delayed breeding patterns. In California, lesser goldfinches (Carduelis psaltria) and
Lawrence’s goldfinches (Carduelis lawrencei), have been recorded breeding as early as
April-May (Coutlee, 1968). Also, American goldfinches have been observed nesting in
early April in northern California (T.P. Hahn, unpublished).
The purpose o f this chapter was (1) to compare the timing o f breeding across five
locations in the geographic range o f American goldfinches and (2) determine IE and the
influence of supplementary information on timing of goldfinch breeding and (3)
determine the relationship between timing of breeding and key environmental variables.
To do so, I compared the timing and predictability of goldfinch breeding from five
geographic locations with different environmental conditions. In this way, the
relationship between key environmental factors and timing of breeding could be
determined. I chose to use several environmental variables that had previously been
categorized as supplementary cues affecting songbird reproduction: precipitation,
temperature, and plant phenology (Chapter 1). I predicted that there would be significant
differences in goldfinch breeding across location but that there would be a significant
relationship between breeding and the three measured environmental variables.
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2.2 Methods
2.2.1 Clutch initiation date
Breeding information was compiled from records of nesting cards submitted to
the Royal Ontario Museum (Toronto, Ontario), the Royal British Columbia Museum
(Vancouver, British Columbia), and the Western Foundation o f Vertebrate Zoology
(Camarillo, California). These regions were chosen to reflect differences in climate type
and were regions for which good datasets of breeding were available.
Clutch initiation data was compiled for each of the following five locations for
years 1940-1995: 1) Los Angeles (n = 149) including Santa Barbara, Los Angeles, San
Diego, Orange and Ventura counties, 2) San Francisco (n = 89) including San Francisco,
San Mateo, Santa Clara, Santa Cruz, Alameda and Marin counties, 3) Vancouver (n =
86) including Metro Vancouver, Fraser Valley, Strathcoma, Squamish- Lillouet, Sunshine
Coast, and Powell River counties, 4) London, Ontario (n = 112) including Middlesex,
Oxford, Elgin, Lambton, and Middlesex counties, and 5) Toronto (n = 164) including
Northumberland, Durham, York, Peel, Toronto and Halton counties. Clutch initiation
date was defined as the day the first egg appeared in the nest. Clutch initiation date was
extrapolated in reverse up to three days if three eggs were present, assuming that
American goldfinches lay one egg per day (Stokes, 1950; Coutlee, 1968). Any nesting
card solely indicating four eggs or more was not used in the analysis as for some
goldfinches, four eggs is a full clutch and therefore nesting date cannot be extrapolated.

23

2.2.2 Predictability and environmental information factor (IE)
Environmental information factors (IE) for California, Ontario and British
Columbia goldfinch breeding were compared by determining predictability, constancy
and contingency using methods outlined in Wingfield et al. (1992) adapted from Colwell
(1974). Locations were divided as California, Ontario, and British Columbia, to
maximize use o f the goldfinch data set from the entire region and also to compensate for
years missing data. A binary classification of active or non-active nest was established
(Wingfield et al., 1992). An active nest was defined as a nest that had at least one egg or
at least one nestling. A non-active nest had no eggs or nestlings. For example, a nest that
had eggs or nestlings from July 1 to Aug 15, was considered non-active from January to
June; active for July and August; and non-active for September to December. All data
was grouped into five year intervals so that the data set from 1940-1995 was divided into
11 intervals for each location. Across a twelve-month period, consistent with Wingfield
et al. (1992), each nest was recorded as either active or non-active and the total summed
for that month and compared across all 11 intervals for each location: California (n =
338), Ontario (n = 666) and British Columbia (n = 92). For all three areas, predictability,
constancy, and contingency were determined by using the established matrix formulas
described in Wingfield et al. (1992). Environmental information factor (IE) was
calculated as the ratio of contingency to constancy (M/C).
2.2.3 Relationship between timing o f breeding and the environment
To determine the relationship between temperature and precipitation to timing of
breeding, each clutch initiation date was compared to the corresponding daily
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precipitation (mm) and mean temperature (°C) measured on that date. These temperature
and precipitation data were taken from: 1) Los Angeles - Los Angeles International
airport (33.9425°N, 118.40806°W), 2) San Francisco - San Francisco International airport
(37.61889°N, 122.375°W), 3) Vancouver - Vancouver International Airport
(49.19472°N, 123.18389°W) 4) London - London International Airport (43.03306°N,
81.15111°W), and 5) Toronto - Toronto Pearson International Airport (43.6275°N,
79.39611°W).

Using monograph data o f Cardus and Cirsium genera thistles, blooming
phenology was compared between California, Ontario, and British Columbia, (Munz and
Keck, 1959; Moore and Frankton, 1974; Moore, 1975; McAllister and Haderlie, 1985;
Heiman and Cussans, 1996). From these historical records, the total number of thistle
species was assembled for each location, California (n = 19), Ontario (n = 11) and British
Columbia (n = 13) and the flowering schedule for each species was determined. Thistle
flowering phenology was classified as either blooming or non-blooming across each
\

month of the year and used in analysis.

2.2.3 Statistical analyses
Analyses were conducted with SPSS version 19. Nesting data was found to be
normally distributed and was compared across locations using an ANOVA with Tukey’s
post-hoc analysis. The number of blooming thistle species was calculated for California
(n = 19), Ontario ( « = 1 1 ) and British Columbia {n = 13) and were compared across
month using a 3x8 chi square contingency table. Model II linear regressions with square
root transformed data and correlations were used to compare the daily temperature and
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precipitation values to the number of clutch initiations on that day for each of the five
locations for years 1940-1995. In addition, the predictability o f American goldfinch
breeding, precipitation, and temperature were calculated using the predictability
modelling equations found in Colwell (1974) and adapted by Wingfield et al. (1992).

2.3 Results
2.3.1 Clutch initiation date
Clutch initiation dates o f American goldfinches significantly differed by location,
F(4,443) = 318.4,/? < 0.001 (Figure 2.1). Tukey’s post hoc tests showed that there were
no significant differences between Toronto and London,/? > 0.05, or between Los
Amgeles and San Francisco,/? > 0.05, but there significant differences between California,
British Columbia and Ontario locations with goldfinches in California nesting earlier, p <
0.05.
2.3.2 Predictability and environmental information factor (IE)
\

Predictability, constancy and contingency were similar between California,
Ontario, and British Columbia (Table 2.1). The environmental information (IE) factor for
each location was above 1 and the constancy and contingency values for each area were
similar (Table 2.1).
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Figure 2.1. Clutch initiation date ranges of American goldfinches (Carduelis tristis) for
five locations in North America for years 1940-1995. Box plots indicate the upper and
lower quartiles, with the left and right bands indicating the extreme range of early and
late nesting dates. The median nesting date is shown as a vertical line within the box.
California, British Columbia and Ontario locations are significantly different from each
other, p < 0.001, indicated by different letters. Dates with the same letters indicate no
statistical difference.
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Location

Predictability

Constancy

Contingency

Environmental
Information Factor (HE)

California

0.73

0.35

0.38

1.07

Ontario

0.83

0.40

0.43

1.08

British
Columbia

0.77

0.35

0.42

1.22

Table 2.1. Summary of predictability, constancy, contingency, and environmental
information factor data calculated according to Colwell (1974) using matrix delimited
and grouped by location for American goldfinch nesting from 1940-1995. In all areas, IE
was greater than 1. Data from nesting card information for California, USA, British
Columbia, Canada, and Ontario, Canada from 1940-1995.

\
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3.3.2 Environmental variables and timing o f breeding
There was a significant difference between locations in the number of thistles
blooming throughout the year, x2 = 379, df = 14, p < 0.005. From Figure 2.2, it is evident
that more thistle species begin blooming earlier in California compared with either
Ontario or British Columbia.
Temperature was significantly related to timing of breeding in Los Angeles
(Model II linear regression: r2 = 0.24, F (1, 138)= 42.90,p < 0.0001), San Francisco (r2 =
0.04; F(l,138) = 6.706, p < 0.05), Vancouver (r2 = 0.03; F(l,138) = 7.862, p < 0.01),
London (

r2= 0.13; F (l, 138) = 20.54,

p <0.0001), and Toron

39.35, p < 0.0001). There were negative relationships between temperature and timing of
breeding for Los Angeles and San Francisco whereas positive relationships existed for
London, Toronto and Vancouver (Figure 2.3.).
Precipitation was not significantly related to timing of breeding in Los Angeles
(linear regression: r2 = 0.01, ^(1,138) = 0.04,p > 0.05), San Francisco (r2 = 0.02,
F( 1,138) = 1.591, p > 0.05), Vancouver (r2 = 0.002, F( 1,138) = 0.294, p > 0.05), London
(r2 = 0.0001, F( 1,138)= 0.067, p > 0.05), or Toronto (r2 = 0.002, F (l,138)= 0.4181,/t >
0.05).
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Figure 2.2. Number of Cardus and Cirsium genera blooming thistle species in California
(n = 19), Ontario (n = 11) and British Columbia (n = 13). Data presented are whole
numbers assembled from historical records (Munz and Keck, 1959; Moore and Frankton,
1974; Moore, 1975; McAllister and Haderlie, 1985; Heiman and Cussans, 1996).
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Figure 2.3. Relationship between daily mean temperature and timing o f breeding for five
study locations from 1940-1995. Timing of breeding is determined by the number of
clutches initiated on a given day of the year. Temperature regressions were significant
for all locations, p <0.05, with California locations having a negative relationship while
Ontario and British Columbia locations having a positive relationship.
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2.4 Discussion
The purpose of this study was to examine breeding schedules for American
goldfinches in five areas across North America in relation to environmental variables.
The environmental information factor (IE) was determined for each area as well as the
relationship between temperature, precipitation, and thistle blooming to timing of
breeding for each study location. The data indicate that there are significant differences
in breeding schedule between areas and that temperature and thistle were predictably
related to timing of breeding. Additionally, results indicate that breeding in all locations
followed a highly predictable pattern where supplementary environmental cues are used
in addition to initial predictive information in all areas (IE > 1, Table 2.1).
American goldfinches breed significantly earlier in California compared with
other studied locations. Photoperiod differences are unlikely the cause of these
differences as goldfinches in eastern North America at parallel latitudes and identical
photoperiod conditions to California breed in late July and August (Stokes, 1950;
Holcomb, 1969). The difference in breeding timing may be caused by a variety of factors
including i) birds differing in how they respond to the same photoperiod, ii) birds
responding to different supplementary cues at different locations, and/or iii) or birds
responding to the same supplementary cues that occur at different times at different
locations. I find the last of these explanations most likely as it has been observed across
latitudinal gradients (Silverin et al., 2008). Interestingly, goldfinches in all study areas
had similar predictability and IE values, (Table 2.1) but were merely temporally
separated, with California breeding significantly earlier in the year (Figure 2.1).
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Overall, precipitation had no relationship to the number of clutches initiated
whereas temperature had significant effects in all areas, albeit with different relationships
between Californian and Canadian locations (Figure 2.3). The data suggest that
goldfinches are potentially using the same supplementary cues (temperature and thistle
phenology) but that these cues are occurring earlier in the year in California, leading to
advancement o f clutch initiation dates.
2.4.1 Temperature

Temperature has been shown to have significant effects on reproductive
development in many species (Chapter 1). In this study, there was a positive relationship
between temperature and number of clutch initiations in Ontario and British Columbia
whereas in California there was a negative relationship (Figure 2.3). When considering
the effects of temperature it is important to consider the ecology of the study locations.
In both of our California locations, spring temperatures are much warmer compared with
Ontario and British Columbia in April and May (Environment Canada: Historical data
1940-2000; National Weather Service: Historical data 1940-2000). These warmer spring
temperatures earlier in the season may allow plants and seed abundance to become
available earlier in the year in California (Pearson et al., 1995; Totland, 1997; Clark and
Gaston, 2006). This could be related to the significant increase in number of thistle
species blooming in March, April, May and June in California compared with Ontario
and British Columbia (Figure 2.2).
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2.4.2 Precipitation
Although there was no significant relationship between clutch initiation date and
temperature (Figure 2.3), the seasonality of rainfall may have indirect effects on breeding
by influencing food availability. Precipitation, plant biomass and productivity are all
highly linked (Major, 1962; Richardson and Lum, 1980). Many plant species have
adapted to predictable shortages of water by flowering and seeding in months with
abundant rainfall and entering a state or dormancy during drought-like conditions. This
is true for many of the compositae family, potential food sources of American
goldfinches in California (Major, 1963). As a result, Californian birds may be shifting
breeding earlier in the season to capitalize on the abundance o f food sources and seeds
during the relatively wet months of March, April and May before many parts of
California undergo a semi-dry season in late summer (Major, 1963).
2.4.3 Blooming thistle phenology
The number of blooming thistle species in California is significantly greater
earlier in the season compared with Ontario or British Columbia (Figure 2.2). Thistles
may be an important cue for breeding timing, as field studies show them to be of major
importance in feeding during the nestling period as well as in use for nest construction
(Stokes, 1950; Middleton, 1977; Middleton 1978). While the exact diet of American
goldfinches has not been comprehensively studied, the diet o f an old-world relative, the
European goldfinch (Carduelis cardueli), of similar granivorous habits, has been well
studied (Gluck, 1985). During the nestling phase for European goldfinches, the diet is
composed primarily of compositae family sources with major contributions from
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members of the thistle tribe (Gluck 1985). Therefore, it has been suggested that thistles
may be one of the triggers occurring in late July that facilitate reproduction and are
responsible for the lateness of breeding in goldfinches in eastern North America (Stokes,
1950; Mundinger, 1972; Middleton, 1978).
This study has found evidence that supports the idea that blooming thistle plants,
indicative of high quality food to come, would be a suitable cue to accurately fine tune
the timing of reproduction in American goldfinches. Evidence for this is that birds from
all locations had breeding times that corresponded to blooming of thistles species. In
California, thistles begin blooming in March-April, occurring simultaneously with
breeding. Likewise in British Columbia and Ontario, thistles begin blooming in JuneJuly, also the same time as breeding in these locations (Figure 2.2).

2.4.4 Conclusion
This chapter suggests that American goldfinches are using temperature and thistle
phenology as supplementary cues to modulate reproduction after initial stimulation by
photoperiod. While American goldfinches in California are breeding significantly earlier
in the year compared with goldfinches in Ontario or British Columbia, all birds have
similar IE and predictability values and likely respond to the same types of
supplementary cues, but these cues are temporally separated between California and the
Canadian locations. In Chapter 3 , 1 will use this correlational support as rationale for
manipulating temperature and thistle phenology in a captive experiment.
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CHAPTER 3
EFFECTS OF TEMPERATURE AND THISTLE CUES ON PHOTOPERIODINDUCED REPRODUCTIVE DEVELOPMENT IN AMERICAN GOLDFINCHES
3.1. Introduction
Understanding how environmental conditions affect songbirds is drawing
increased attention from the environmental and ecological sciences. In particular,
research has focused on the effects of climate change (especially global warming) on
songbird reproduction (Cresswell and McCleery, 2003; Visser et al., 2004; Dawson,
2005; Both et al., 2006; Visser et al., 2006). For species that rely on fixed environmental
cues (such as photoperiod), the major consequence of global warming is an apparent
mismatch between historical reproductive cues and food availability (Visser et al., 2004;
Both et al., 2006). However, as discussed in Chapters 1 and 2, some songbirds, including
American goldfinches, may use multiple environmental signals to time reproduction.
These species might alter breeding in response to changing climatic variables (Perrins
and McCleerly, 1989; Visser et al., 2006; Silverin et al., 2008). From evidence presented
in Chapter 2, American goldfinch breeding appears correlated to temperature and thistle
phenology. This is consistent with past literature indicating that seasonal changes in
goldfinch reproductive characteristics may be associated with thistle phenology and
warmer temperatures (Stokes, 1950; Berger, 1968; Mundinger, 1972; Middleton, 1977;
Middleton, 1978).
Many field studies have found significant correlations between ambient
temperature and egg-laying dates; demonstrating that some songbirds may be responsive
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to temperature cues (Perrins and McCleerly, 1989; Visser et al., 2006; Silverin et al.,
2008). In captive experiments, temperature has been shown to have effects on clutch
initiation date and on components of the HPG axis (Wingfield et al., 2003; Dawson,
2005; Salvante et al., 2007; Visser et al., 2009). In warmer temperatures, testes and
cloacal protuberances (an androgen-dependent trait) of white-crowned sparrows
(Zonotrichia leucophrys oriantha) were significantly larger and developed more quickly
compared with birds held at cooler temperatures (Wingfield et al., 2003).
Furthermore, research suggests that some bird species use biotic environmental
cues, including direct and indirect predictors of food sources, to coordinate reproduction
with favourable conditions (Buse et al., 1999; Bourgault et al., 2010). For example,
reproduction in great tits (Parus major) is significantly correlated with caterpillar
abundance (van Noorwijk et al., 1995). Additionally, there is strong evidence supporting
the role of plant phenology as a supplementary cue indicative o f favourable reproductive
conditions (Voight et al., 2007; Bourghault et al., 2010). These studies indicate that
ecological factors, such as plant and invertebrate phenology may be used as
supplementary factors fine-tuning reproductive timing (Verboven et al., 2001; Cresswell
and McCleery, 2003).
The purpose of this study was to investigate experimentally the effects of both
temperature and thistle phenology on goldfinch reproductive physiology. Birds were
assigned to groups where temperature and thistle visual cues were manipulated. I created
conditions mimicking thistle phenology and temperature cues present during the normal
breeding season as well as mismatched thistle and temperature conditions. I measured
three components of reproductive physiology: i) luteinizing hormone— a hormone
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responsible for initiating gonad recrudescence, ii) gonad size, and iii) circulating levels of
testosterone—the endocrine product of stimulation of the HPG axis. Given the
background presented in Chapters 1 and 2 , 1 hypothesized that birds exposed to thistle
and temperature cues representative of typical breeding conditions, would have larger
gonads and greater concentration of circulating testosterone and luteinizing hormone
compared with groups having cues representative of the pre-breeding season, or
mismatched, non-realistic environmental cue combinations.

3.2 Methods
3.2.1 Animal care and husbandry
All procedures were performed in accordance with the University of Western
Ontario Animal Use Subcommittee (protocol #2007-089) following guidelines of the
Canadian Council for Animal Care (CCAC). Subjects used in this experiment were
American goldfinches (Carduelis tristis; n=122) caught as adults in the fall of 2009 at the
University of Western Ontario (42.69°N, 81.14°W), London, Ontario using a hanging
cylinder funnel trap. Upon capture, birds were sexed using a laparotomy (details below;
males = 96, females = 26) and were held in short photoperiod conditions (8L:16D)
divided between two environmentally-controlled chambers (details below). All male
birds were held in individual cages ( 3 8 . 5 x 3 5 x 3 6 cm) on four-tiered shelves with four
cages per shelf. Female birds were housed on separate four-tiered shelving units in
individual cages (22 x 15 x 12 cm) with one cage per shelf, within view of the four males
on the adjacent shelf. All birds were fed a standardized ad libitum water and diet
composed of commercial fortified budgie seed mix (canary seed, rape seed, white millet,
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red millet; Hartz Living World Tropimix, premium seed for budgies) and ground Mazuri
small bird maintenance diet (Mazuri, 56A6). All birds were kept on short days (8L:16D)
in their respective environmental chamber for three weeks to acclimate to conditions
prior to the start of experimental manipulations.

3.2.2. Treatment groups
The male goldfinches were used as experimental subjects, and females were only
used as stimuli for male birds. Each male in the study could see a female in an adjacent
cage throughout the study. Males were randomly assigned to one of six treatment groups
in a 2 x 3 experimental design: summer range (23.5 to 29.5°C) versus spring range (7.5 to
13.5°C) temperatures, and blooming thistle, non-blooming thistle, or no thistle.

3.2.2.1 Temperature manipulation.
Birds were housed in one of two adjacent environmental rooms at the Advanced
Facility for Avian Research at the University of Western Ontario. These rooms (1.78 x
1.77 x 2.39 m) are capable of controlling temperature from 4° to 40°C, and have an air
exchange minimum of 13 air changes per hour (15% fresh air, 85% recycled HEP A
filtered air). Males were housed in individual cages on shelves (see above). These
chambers were maintained at temperature profiles designed to recreate typical summer or
spring conditions. The summer (referred to as hot room) treatment was set at 23.5°C
during lights off and 29.5°C when the lights were on. The spring (referred to as cold
room) treatment was set at 7.5°C during lights off and 13.5°C when the lights were on.
Both these temperature profiles were based on average diurnal and nocturnal
temperatures in London, Ontario during July and May 2009, respectively.
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3.2.2.2 Thistle manipulation
Within each environmental chamber, three groups of visually isolated birds were
exposed to different thistle cues: either a blooming thistle plant, a non-blooming thistle
plant, or no thistle plant. Canadian thistle (Cirsium arvense) is a clonally vegetated,
hardy thistle plant that is capable of flowering in artificial greenhouse conditions (Moore
and Frankton, 1974; Moore, 1975). Adult plants (n = 36) were harvested from Research
Park, University of Western Ontario in October, 2009. The bottom six inches of tubular
root were cut off with scissors and planted in six inch diameter pots containing pro-mix
vermiculite potting soil (McAllister and Haderlie, 1985) These plants were grown at
25°C in a 15L:9D cycle. All plants were watered daily and fertilized with Miracle-Grow
10-20-15 liqui-plant food once weekly.
For this experiment, to be defined as a blooming thistle stimulus, the thistle plant
had at least 5 full flower blooms, which is typical for this species (Moore and Frankton,
1974; Moore, 1975; McAllister and Haderlie, 1985). Non-blooming thistle plants had all
thistle blooms removed but were otherwise mature. All plants were circulated between
the greenhouse and the environmental chambers on a weekly basis and were replaced
whenever the number o f blooms fell below 5 for the blooming thistle group. Birds that
saw a blooming thistle (BT) had a blooming thistle (defined above) on the shelf beside
the female cage. Birds that saw a non-blooming thistle (NBT) had a non-blooming thistle
(defined above) on the shelf beside the female cage. Birds that did not see any thistle
stimulus were called the control group (CON). Each male in the study was able to see the
other males directly beside themselves on the same shelf as well as a female that was on a
parallel shelf that may/may not have a thistle stimulus (Appendix A).
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3.2.3 Exposure to stimuli
After temperature acclimation in each environmental chamber for 21 days, on
experimental Day 0, birds within each chamber were randomly divided into three visually
isolated groups that were exposed to different thistle stimuli. Visual isolation was
achieved by separating the shelving units with opaque curtains, ensuring that lighting
level was similar but birds were unable to see birds in other groups. The female shelving
unit was pushed parallel with a corresponding male shelving unit so that all four males
could see each other and a female, but were unable to see other males on other shelves
(Appendix A). To account for differences among females, each female was rotated
weekly so that every male had the opportunity to see every female throughout the
experiment.
After visual isolation and introduction of thistle stimuli to thistle groups, the
photoperiod in each room was increased to 13.5L:10.5D to simulate spring (April-May)
photoperiod. On Day 45, in both environmental chambers, photoperiod was increased to
15L:9D to simulate summer (July-August) photoperiod for the remainder of the study.

3.2.4 Laparotomy
Laparotomies were used to quantify testicular development throughout the
experiment on days -21 (21 days prior to day 0), 30, 55, and 85. During the laparotomy
each bird was anesthetised with 2% isofluorane / 2L/min O 2 and a small incision was
made below the rib cage on the left flank to visualize the gonads. The length of the left
testis was measured to the nearest 0.1 mm using custom-modified Castroviejo calipers.

45

Afterwards, a 0.02 mL intra-muscular injection of meloxicam (0.10 mg/mL) was
administered to the pectoral muscle to serve as an analgesic.
3.2.5 Blood sampling

Blood samples were taken within 30 minutes of disturbance between 09:00 h and
10:30 h on each sampling day (days -7, 5, 25, 45, 50, 70, 90, 135) to measure circulating
testosterone and luteinizing hormone. Blood was collected by puncturing the brachial
vein with a 26.5 gauge needle and collecting into sterile, heparinized 70 pL
microhematocrit tubes. Tubes were kept cool on ice immediately following collection.
Once all samples were collected for a day they were centrifuged at 13,000 g for 10
minutes to separate hematocrit and plasma. Plasma was extracted from each tube using a
50 pL Hamilton syringe and stored in Eppendorf tubes at -30°C until analysis.

3.2.6 Luteinizing hormone assay
Luteinizing hormone was measured using a post-precipitation double-antibody
radioimmunoassay protocol that has been validated in numerous songbird species (see
Follett et al., 1972, 1975; Sharp et al., 1987; MacDougall-Shackleton et al., 2001). This
assay used purified chicken LH as the standard and detection limit for the assay was 0.2
ng/mL. Every sample was measured in duplicate on the same assay with intra-assay
variation o f a standard plasma pool calculated at 3.6%. Samples that were below the
sensitivity limit of the assay were recorded as the detection limit in statistical analyses.
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3.2.7 Testosterone assay
Testosterone concentration was measured using an enzyme-linked immune assay
EIA kit (Salivary Testosterone 1-2402-5; Salimetrics, State College, PA, USA) that was
previously validated in a variety o f bird species (Washburn et ah, 2007). In summary, the
product protocol was followed but the plasma was diluted 1:5 (5 pi plasma in 25 pi assay
buffer). Standardized detection limit of the assays was <1.0 pg/ml. Average intra-assay
coefficients of variation (n =11) were 2.5% and 4.1% and average inter-assay variation (n
= 11) was 4.6% and 5.5% for high standard and low standard pools (provided with the
kit). Every sample was measured in duplicate and samples that were below the
sensitivity limit o f the assay were recorded as the detection limit in statistical analyses.
Cross reactivity with other compounds for this kit are Androstenedione (1.16%),
Dehydroepiandrosterone (DHEA, 0%), and Epitestosterone (0.165%). To validate the
assay for American goldfinches, I assayed a serial dilution of a goldfinch plasma pool and
determined this was parallel to the standard curve (K.L. Schmidt, unpublished data).
3.2.9 Statistical Analyses
Linear mixed models were used to analyze testis size, testosterone concentration,
and luteinizing hormone concentration across the experiment. In all models, bird
identification was entered as a random effect and day o f the experiment entered as a
repeated-measure variable. Temperature and thistle treatment were entered as fixed
variables. Gonad size, testosterone and luteinizing hormone were log-transformed to
normalize the distribution of the data. All tests were two-tailed, with statistical
significance set at p < 0.05. All analyses were conducted using SPSS v. 19.0.
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3.3. Results
3.3.1 Luteinizing Hormone
Following photostimulation, birds in each treatment group responded with an
increase in plasma luteinizing hormone (LH) levels (Figure 3.1). Overall, there was a
significant effect of time (F(3, 111.87) = 14.63, p < 0.001). Post hoc analyses show that
LH significantly differed between all measured time points, (p < 0.0001), except between
Day 5 and Day 45 (p> 0.05; Figure 3.1). There was no significant effects of thistle
(F(2,84.89) = 1.9,/? = 0.28) or temperature (F (l, 97.74) = 0.161,/? = 0.69). Also, there
was no significant interaction between thistle, temperature and time, (F(6, 107.88) = 1.14,
p = 0.34).
3.3.2 Testes Length
Overall, testis size significantly increased across time for all birds during the
experiment (Figure 3.2; F(3, 89.06) = 117.13, p < 0.001). Post hoc analysis showed that
each time point differed significantly from each other across the experiment (p < 0.05).
There was a significant effect o f thistle treatment, (F(2, 164.91) = 5.24, p = 0.01), and a
significant effect of temperature treatment, (F (l, 165.03) = 4.45, p = 0.04). There was
also a significant thistle and temperature interaction, (F(2, 164.91) = 4.18, p = 0.02).
Post hoc analyses for this interaction show that in the hot room, blooming thistle and non
blooming thistle groups had significantly larger gonads than the control group (Figure
3.2a; p < 0.05) but were not different from each other {p > 0.05). In the cold room, there
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Figure 3.1. Luteinizing hormone concentration across all sampling time points (mean ±
SEM). Error bars are represented by mean ± 1 S.E. Treatment groups represented by
colour in figure legend and shapes [Hot Room (squares). Cold Room (triangles), CONcontrol, NBT- non-blooming thistle, BT- blooming thistle]. Photoperiod increased from
8L:16D to 13.5L:10.5D on Day 0, and then to 15L:9D on Day 45. Significant increase in
LH between Baseline and Day 5 and also between Day 45 and Day 50. Statistical
significance at the p < 0.05 level denoted by different letters. Untransformed data shown
for ease of interpretability.
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Figure 3.2. Testis length across experimental day (mean ± SEM). Treatment groups
represented by colour in figure legend and shapes [Hot Room (squares). Cold Room
(triangles), CON- control, NBT- non-blooming thistle, BT- blooming thistle], (a) Hot
Room: blooming thistle and non-blooming thistle groups had significantly larger gonads
than the control group, (b) Cold Room: groups were not significantly different. Statistical
significance at the p < 0.05 level. Untransformed data presented for ease of
interpretability.
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were no differences between groups, (Figure 3.2b; p > 0.05). There was no significant
interaction between thistle, temperature and time, (F(6, 89.25) = 0.42,/? = 0.86), across
the experiment.

3.3.3 Plasma Testosterone
There was a significant change in plasma testosterone levels over the course of the
experiment that peaked on Day 70 (Figure 3.3; F(5, 69.86) = 48.93,/? < 0.001). Overall,
temperature had no significant effect on testosterone levels, (F (l, 111.523) = 0.52,/? =
0.82), while thistle stimulation did have a significant effect, (F(2, 111.43) = 3.39,/? =
0.04). There also was a significant interaction between temperature, thistle treatment and
time (F(10, 70.75) = 3.09,/? = 0.003). To resolve this interaction, I used Tukey's posthoc analyses to determine significant differences across time (Figures 3.3). There were
no significant differences between groups in the cold temperature room at any time-point
other than at Day 70 (Figure 3.3b). In the cold room, at Day 70, birds the non-blooming
thistle group had significantly greater testosterone levels than the blooming thistle group,
\

(p < 0.05), but not the control group, (p > 0.05). In the hot room, there were no
significant differences between groups at Baseline, Day 25, Day 86, or Day 135 but there
were significant differences at Day 45 and Day 70 (Figure 3.3a). At Day 45, birds in the
blooming thistle treatment had significantly greater testosterone levels compared with the
control group, (/? < 0.05), but not the blooming thistle group, (p > 0.05) and at Day 70 the
blooming thistle group had significantly greater testosterone levels than both the non
blooming thistle and control groups, (p's < 0.05).
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(a)

Figure 3.3. Measure o f testosterone concentration across all sampling time points (mean
± SEM). Error bars are represented by mean ± 1 S.E. Data presented by treatment
groups defined by individual colour, (a) Hot Room: Day 45, blooming thistle group had
significantly greater testosterone levels than control. Day 70, Blooming thistle group and
non-blooming thistle and control group are significantly different, (b) Cold Room: Day
70, non-blooming thistle group had significantly greater testosterone levels than
blooming thistle group. Statistical significance at the p < 0.05 level denoted by different
letters. Untransformed data presented for ease of interpretability.
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Discussion 3.4
Overall, the environmental cues manipulated in this study had significant effects
on morphological and endocrine components of the HPG axis in captive American
goldfinches. Although no effects on luteinizing hormone were observed between
treatment groups, there was a strong photoperiodic response after transfer to spring and
summer daylengths. Consistent with previous research, our results show that testes
length was significantly affected by long days as well as by ambient temperature.
Additionally, I found that visual exposure to a thistle plant, whether blooming or non
blooming, caused a significant increase in gonadal tissue in hot (summer) temperatures
(Figure 3.2a).
There was a significant interaction between temperature, thistle, and experimental
day (time) on testosterone profile across the experiment. After transfer to summer
photoperiod (15L:9D), and the consequent surge of LH (see below), testosterone peaked
for all treatment groups at Day 70 and then sharply declined at Day 90. In the hot
(summer) condition, birds in the blooming thistle group had significantly greater
testosterone at Day 50 compared with the control group (Figure 3.3a). At Day 70, birds
in the blooming thistle group had significantly higher testosterone than the non-blooming
thistle and control groups. Also, the non-blooming thistle group had significantly greater
testosterone than the control group. This evidence supports my hypothesis that thistle
phenology, as well as temperature, are environmental cues that affect goldfinch
reproductive physiology. The visual stimulus o f a blooming thistle plant was sufficient to
increase testosterone earlier in the experiment (Day 50) as well as to significantly
augment overall testosterone concentration during peak of measured hormone profile.
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3.4.2 Luteinizing Hormone
Luteinizing hormone (LH) was measured before and after changes in photoperiod
(Figure 3.1). LH is the product of hypothalamic and pituitary stimulation and is a link
between the pituitary and systemic reproductive changes, such as gonad recrudescence.
After each increase in photoperiod (Day 0, Day 45), there was a significant increase in
circulating LH levels (Figure 3.1). This indicates that goldfinches respond to both spring
and summer-like photoperiods. However, the LH surge appears greater, for most groups
nearly double, during the transfer to summer photoperiod conditions (Day 45: 15L:9D;
Figure 3.1). Examining the downstream effects of LH secretion, I found that there was
an LH surge on Day 5 followed a significant increase in testis size (Day 30; Figure 3.2)
but no significant changes in measured testosterone (Day 25; Figure 3.3, discussed
below). However, after transfer to summer-like photoperiods (Day 45; Figure 3.1), there
were significant changes in testosterone (Day 50) and testis length which peaked at Day
80 (Figure 3.2).
In the wild, American goldfinches begin molting and singing in April and May
when photoperiods roughly correspond with the spring-like photoperiods used in our
experiment, 13.5L:10.5D (Stokes, 1950; Mundinger, 1972; Middleton, 1977;
Middleton, 1978). Interestingly, free-living goldfinches in Ithaca, New York, USA do not
have measurable increases in testis length until late-June (Mundinger, 1972), suggesting
that circulating levels of LH are either insufficient to stimulate gonad recrudescence or
that other cues are required to facilitate gonad maturation. In summary, LH production in
goldfinches is sensitive to changes in photoperiod, with peak gonad length and
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testosterone levels occurring in summer daylengths, consistent with observed free-living
goldfinch physiology (Mundinger, 1972; Luloff et ah, unpublished)

3.4.1 Testes Length
Measurement o f testes length is a morphological quantification of HPG axis
stimulation. Testis length has been used in many studies to gauge overall state of
reproductive capability (Mundinger, 1972; Wingfield et al., 2003; Hahn et al., 2004;
Silverin et al., 2008). Many studies have examined the significant effects of temperature
and photoperiod on testis length, the major findings having been covered in the current
thesis, and are consistent with results in my experiment (Chapter 1; Hahn et al., 2004;
Perfito et al., 2005; Dawson, 2005). However, more striking is the significant impact of
thistle phenology on gonad development observed in this study.

Goldfinches exposed to the visual stimulation of thistle plants (both blooming and
non-blooming) in the hot temperature room had significantly larger gonads than the
control group (Figure 3.2 a). Interestingly, this effect was not observed in the cold
temperature treatment where there were no significant differences between groups
(Figure 3.2 b). Previous studies have found that temperature significantly affects the rate
o f testicular development as well as peak size of the gonads (Wingfield et al., 2003). In
this study, however, results indicate that both temperature and thistle phenology are
factors affecting gonad maturation in American goldfinches. It is possible that
goldfinches in hot (summer) temperatures were stimulated by thistle plants as a predictive
cue of upcoming food sources (van Noordwijk, 1995; Bourgault et al., 2010). American
goldfinches rely heavily on thistle constituents for adult and nestling diet (Stokes, 1950;
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Mundinger, 1972; Middleton, 1977; Middleton, 1978). The ability to coordinate
reproduction with maximal food availability would be an asset for this granivorous bird.
In the cold (spring) temperature treatment, goldfinches may be less sensitive to thistle
phenology as there are mismatched environmental cues (blooming thistles in spring)
which would not occur in the wild.
It is important to consider that due to limitation of sampling time points I may have
been unable to capture the full differences in testis length between treatment groups. At
Day 7 0 ,1 observed a peak o f testosterone production for all groups, indicating that
gonads may have been fully mature around this time. I thus may have missed the peak in
testis size by performing laparotomies on Day 80. In summary, I suggest that both
temperature and thistle phenology are supplementary factors that are important for gonad
recrudescence.
3.4.3 Testosterone
Sex steroid production is a major endocrine consequence of stimulated HPG axis.
As testes develop, secretion of testosterone and other androgens increase leading to
systemic sexual changes (Wingfield et al., 2003). Because testosterone and gonads are
related, and gonad development was significantly affected by thistle phenology and
temperature (see above), it is not surprising that testosterone levels also were significantly
affected by these environmental cues. Testosterone levels observed in this experiment
are comparable to breeding levels measured in free-living goldfinches (Luloff,
unpublished data). In the hot room, there was a significant difference at Day 50 where
the blooming thistle group had significantly greater testosterone than control birds. More
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striking were the differences on Day 70, where blooming thistle, non-blooming thistle
and control groups all significantly differed in testosterone levels in the hot temperature
room (Figure 3.3 a).
These results demonstrate that goldfinches are capable o f integrating environmental
cues from their surroundings and that despite only visual contact; thistle phenology
affected testosterone profile. Blooming thistles, like crickets to spotted antbirds, or pine
cones to red crossbills, stimulated systemic changes in reproductive development;
accelerating testosterone release as well as elevating levels at peak reproductive
capability (Hahn, 1995; Hau, 2001). Goldfinches may use thistle blooming as a predictor
o f future seed availability to coordinate breeding effort to capitalize on abundant food
sources (as discussed above).
The influence o f thistle phenology on the HPG axis in goldfinches differs
depending on environmental conditions. In our experimental design, the hot treatment
was representative o f summer (July to August) temperatures and the cold treatment of
spring (April to May). The hot treatment is consistent with typical breeding temperatures
for free-living goldfinches in July (Berger, 1968; Holcomb, 1969; Mundinger, 1972).
During the period of goldfinch breeding, thistle plants are fully mature, as with many
compositae species, thistle plants develop during spring and mature (bloom and seed)
from mid-June through October (Moore and Frankton, 1974; Moore, 1975). In the hot
room, there was an augmented testosterone response to complementing environmental
cues, namely summer-relevant temperatures and maturing (blooming) thistles both that
would be present simultaneously in wild breeding conditions.
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However, in the cold room, where environmental cues were mismatched (blooming
thistles plants but in spring temperatures; Moore, 1975), blooming thistles no longer
augmented testosterone secretion. In this treatment, the blooming thistle group had
significantly lower testosterone than the non-blooming thistle group (Day 70) but
statistically similar levels to the control group (Figure 3.3). These data suggest that
mismatched cues also may have an effect on reproductive physiology but this effect may
be inhibitory. However, it remains unknown as to why non-blooming thistles would
cause greater testosterone secretion compared with blooming thistles.

3.4.4 Conclusion
In this chapter I evaluated the effects of temperature and thistle phenology on
gonad development and reproductive hormone profiles in captive American goldfinches.
The experimental design recreated summer and spring conditions with corresponding
relevant ambient temperatures and either complementing or mismatched thistle
phenological cues. Overall, significant relationships between environmental cues and
HPG axis data indicate that goldfinches are capable of integrating both temperature and
thistle phenology to coordinate changes in reproductive physiology.
This study differs from previous research as two environmental cues were
manipulated, allowing for discussion of the importance of complementing versus
mismatched environmental information. Although explanation for some of the results
remains elusive, this experiment is important in revealing an interaction between visual
plant cues and ambient temperature in the control of seasonal changes in reproductive
physiology. While temperature and thistle phenology have significant effects on
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reproductive physiology, it is unclear from the results whether each of these cues are
discrete supplementary cues, acting independently but having overall synergistic effects
or if thistle phenology is in fact only synchronous with favourable breeding temperatures
as would be in wild breeding conditions. Future research should manipulate these factors
in isolation to determine the overall effects of each cue on reproductive physiology.
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CHAPTER 4
GENERAL DISCUSSION
4.1 Summary of Results
The aims of the current studies were to (1) determine the relationship between
several environmental variables (temperature, precipitation and thistle blooming) and
reproduction in American goldfinches (Carduelis tristis) and (2) examine the effects of
temperature and thistle phenology manipulations on reproductive physiology in this
species.
In Chapter 2 , 1 was able to identify differences in the breeding schedule between
five populations of American goldfinches. My results showed that populations in
California breed significantly earlier than populations in Ontario or British Columbia. I
further examined the relationship of several potentially important environmental variables
that previously had been described in the songbird literature (Dawson, 2008; Visser et al.,
2009). I found that temperature and thistle phenology had a significant relationship with
timing of goldfinch breeding in all studied locations. However, precipitation did not have
significant relationships with timing of goldfinch breeding in any location. In addition,
all populations had similar reliance on supplementary information (IE) as well as having
similar patterns of predictability, constancy and contingency. I found that breeding was
significantly related to thistle blooming in all locations which may account for
differences in breeding timing between populations, as thistles begin blooming
significantly earlier in California compared with Ontario or British Columbia. From the
results of this chapter, I was able to select both temperature and thistle phenology
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(blooming) to manipulate in isolation to other environmental factors in captivity (Chapter
3). In future, it may be wise to revisit this data set as collection of nesting cards is an
ongoing process and there were large discrepancies within sample sizes between studied
populations. In a related vein o f research, it may be of interest to use data sets such as
this one to look at how climate change across decades has impacted breeding of
songbirds.
In Chapter 3, my results showed that temperature and thistle phenology have
significant effects on the HPG axis in captive American goldfinches. I was able to
experimentally replicate summer (hot) and spring (cold) temperature conditions and
manipulate visual exposure to blooming, non-blooming or no thistle plants. In past
research, photoperiod and temperature have been shown to have effects on gonad
recrudescence and hormone profile; however, there has been no research to date that has
examined the effects of a plant visual stimulus on reproduction in a controlled, captive
study (Hahn et al., 2004; Perfito et al., 2005; Dawson, 2008; Visser et al., 2009).
Consistent with previous research, gonad size was significantly affected by temperature,
but additionally I found that gonad size was significantly affected by thistle phenology.
In the hot (summer) condition, birds exposed to blooming thistles or non-blooming
thistles had significantly greater gonad size compared with a non-plant stimulated control
group. These results suggest that goldfinches are capable o f integrating both temperature
and thistle phenology as supplementary cues affecting gonad recrudescence. However,
future work should employ a non-thistle plant to serve as a visual exposure in the control
group to account for enrichment of visual stimulation.
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Also in Chapter 3 , 1 examined the effects of temperature and thistle phenology on
luteinizing hormone and testosterone, key reproductive hormones involved with the HPG
axis. In support of previous literature, photoperiod had significant effects on hormone
profile and all birds showed changes in concentration of these hormones that was
consistent with past studies (Marsh et al., 2002; Wingfield et al., 2003; Silverin et al.,
2008). Although no differences were seen in luteinizing hormone between treatment
groups, there was a strong photoperiodic response after transfer to long-day stimulation.
However, treatment groups differed significantly in testosterone profile. There was a
temperature by thistle by time interaction with all birds having peak testosterone at Day
70. In the hot (summer) condition, birds in the blooming thistle group had significantly
greater testosterone compared with non-blooming and the control group earlier and to a
greater extent during the experiment.
I suggest that this group demonstrated this response because blooming thistles and
hot, summer-like temperatures are complementing supplementary cues that are present
during breeding in the wild. However, that being stated, it is important to note that this
study provides only the first examination of how two environmental factors affect
goldfinch physiology. Though temperature and thistle phenology have significant effects
on reproductive development, it is still unclear whether these cues work independently as
completely discrete supplementary factors or whether thistle phenology is a
synchronizing factor contingent on appropriate temperature conditions. My results
indicate that exposure to both o f these cues in unison accelerates and augments
reproductive response compared with groups not receiving complementing cues;
however, this may be the effect in captive experiments because the temperatures I
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manipulated were completely discrete. In the wild, thistle phenology may have more of a
synchronizing role. Future studies will be required to examine the inter-relationship
between these two environmental variables.

One of the concrete facts I am able to discuss from this study is the effect of
mismatched, or non-realistic environmental stimuli on goldfinch physiology. In the cold
temperature treatment, blooming thistles did not accelerate or augment reproductive
response, in fact, this group had significantly less testosterone than the non-blooming
thistle group. These results indicate that mismatched cues may have just as important an
effect on reproductive physiology as complementing cues. Also, it is important to note
that this study suggests that environmental cues may not be stimulating the HPG axis
equally. Temperature and thistle phenology appear to have more pronounced effects on
downstream components of the HPG as gonad recrudescence as well as testosterone
levels were significantly affected by cues from the environment whereas LH levels did
not differ between groups.
Future research should examine the relationship between my measured variables,
namely physiological factors associated with the HPG axis, and behavioural and
secondary sex characteristics. A detailed study examining how molt and singing are
affected by environmental conditions could be examined using the current experimental
design (reviewed in Dawson, 2008). A study examining stress and circulating levels of
corticosterone would be another physiological measurement that would add to our
knowledge o f how the environment impacts avian reproductive physiology. Also, future
research in this area should direct attention to the effects of environmental cues on female
physiology. The nature of this study focused on males, however, the effects of

67

environmental cues on females remains largely unknown. Females are the choosy sex
and may in fact be more sensitive to environmental factors as they invest more
significantly in reproduction through egg formation (Ball and Ketterson, 2008).

In conclusion, these studies provide evidence from correlational and captive
experiments that temperature and thistle phenology are environmental cues that affect
American goldfinch reproductive physiology. This is the first study to my knowledge to
effectively demonstrate that a songbird species is capable of integrating even predictive
visual stimuli and not actual food sources. Results suggest that goldfinches may use both
o f these factors to gauge the state of the environment and that this species may be capable
o f responding to complementing or mismatched cues with changes in reproductive
physiology. Future studies should consider examining behavioural and other
physiological changes in both sexes to increase our knowledge of how environmental
integration affects avian reproduction.
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APPENDIX A
Overhead view of experimental setup in an environmental chamber
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